iar ventral anatomical perspective and the complex critical regional anatomy of the pterygopalatine and infratemporal fossae. 6, 32, 33 Because space-occupying lesions within this region can distort normal anatomy and stereotactic image guidance can be misleading, there is a need for reliable anatomical landmarks during surgery. The infraorbital nerve (ION) is a sensory branch of the trigeminal nerve that travels in the roof of the maxillary sinus to innervate the skin of the cheek. Our group has found that the ION is readily identifiable early in the ETMA and that it is potentially useful as an anatomical reference as dissection proceeds deeper into the skull base. Therefore, we sought to study the ION and its anatomical relationships to determine its potential utility as an endoscopic surgical landmark. We also sought to define its relationship to critical anatomical structures, such as the carotid artery, the cavernous sinus, and the contents of the pterygopalatine and infratemporal fossae. In this study, we also sought to define the ION/maxillary nerve (V2) complex and identify its 4 segments as a useful surgical road map.
methods
One formalin-fixed, silicone-injected cadaveric head was dissected using conventional dissection techniques for illustrative purposes to track the course of the maxillary nerve, as previously described. 35 Separately, 5 formalin-fixed, silicone-injected cadaveric heads without any known intracranial, extracranial, or sinonasal pathology were examined using an endoscope under stereotactic guidance for all anatomical measurements. In the remainder of this paper, we focus on the methods of these 5 fixed cadaveric dissections.
Endoscopic dissections were performed bilaterally (10 sides). Cadaveric specimens were fixed in the supine position using a Mayfield head holder. For visualization, we used a standard endoscopic unit with a high-definition camera with 3 charge-coupled devices (3-CCD camera; Karl Storz Endoscopy-America, Inc.) and an 18-cm-long, 4-mm-diameter, 0° Hopkins II rod-lens endoscope connected to a fiberoptic cable as a light source. Dissections were performed using standard straight and curved endoscopic instrumentations (Karl Storz); angular visualization was enabled using 30° and 45° endoscopes. Other instrumentation used to assist with dissection included dissectors, scissors (curved and straight), Kerrison rongeurs, and pneumatic drills.
Prior to dissection, high-resolution stereotactic imaging of each specimen was performed. Images were then uploaded on an image guidance platform (StealthStation Treon Plus with FrameLink software, Medtronic, PLC) to ensure the proper trajectory and to assist with identifying anatomical structures, correlations, and measurements. As previously described by our group, image guidance was used to obtain anatomical measurements and distances between important neuroanatomical structures and to confirm the anatomy. Endoscopic endonasal transmaxillary and endoscopic sublabial transmaxillary transpterygoid approaches were performed on both sides, as described elsewhere by us and others. 1, 8, 32, 34 In most specimens, a combined approach was performed to enable wider dissection and a more detailed view of the ION and the surrounding structures.
exposure of the ion to the cavernous sinus After performing the maxillary antrostomy, identifying the ION in the roof of the maxillary sinus, and removing the posterior wall of the maxillary sinus, we exposed the retromaxillary space in the following fashion: the pterygopalatine ganglia were identified within the pterygopalatine fossa by simply following the ION as it curves medially to become the maxillary branch of the trigeminal nerve (V2). After complete removal of the posterior maxillary wall, branches from the V2 that are directed inferiorly to the pterygopalatine ganglia could be identified a few millimeters before the foramen rotundum. The sphenoid bone was then drilled to expose the V2 and the anterior wall of the cavernous sinus. The pterygoid process and the pterygoid wedge (i.e., the bone between the foramen rotundum and the vidian canal) were drilled to expose the V2 as it enters the lateral wall of the cavernous sinus, dividing the lateral wall into the anteromedial triangle (between V2 and the ophthalmic nerve, V1) and the anterolateral triangle (between V2 and the mandibular nerve, V3). The vidian canal was identified and drilled circumferentially to expose the anterior genu of the carotid artery. 22 
exposure of the mandibular branch of the trigeminal nerve (v3) to the cavernous sinus
To expose the V3 within the infratemporal fossa, we conducted further dissection posteriorly and laterally. The cartilaginous portion of the eustachian tube was preserved, and the V3 was identified. Kerrison rongeurs were then used to remove the thin plate of sphenoid bone to open the foramen ovale, thereby exposing the inferior recess of the lateral wall of the cavernous sinus.
results
Anatomical dissections suggested that the ION in the roof of the maxillary sinus serves as a useful superficial landmark for identifying deeper elements, including the V2, the pterygopalatine fossa, and the cavernous sinus. The cutaneous branches, ION, and V2 form the ION/V2 complex, which we have conceptualized into 4 segments (Fig. 1) . These segments-cutaneous, orbitomaxillary, pterygopalatine, and cavernous-are numbered from I to IV, from superficial to deep, in the order that they are approached surgically. Segment I, the cutaneous segment, represents the terminal end of the ION and the terminal branches of the ION (5-11 branches). Segment I begins in the infraorbital foramen and terminates in the numerous cutaneous branches. Segment II, the orbitomaxillary segment, represents the ION after leaving the pterygopalatine fossa as it travels through the infraorbital groove through the infraorbital canal and ends at the infraorbital foramen in the superior one-third of the anterior maxillary wall, just below the orbit (length 12 ± 3.2 mm). Segment III, the pterygopalatine segment, resides within the pterygopalatine fossa from the foramen rotundum to the infraorbital groove, just below the superior orbital fissure (length 13 ± 2.5 mm). It contains the proximal portion of the ION and the distal end of the V2 trunk. Segment IV, the cavernous segment, starts at the trigeminal ganglion as the V2 exits the ganglion within the nerve sheath to the foramen rotundum (length 15.0 ± 4.1 mm).
segment i: cutaneous segment
The terminal end of the ION exits the infraorbital foramen, which was located in the middle of the upper onethird of the anterior wall of the maxillary sinus in 3 (60%) of the 5 specimens (6 of 10 specimen sides) and more laterally in 2 specimens (40%). After emerging from the infraorbital foramen, the ION terminates in 5-11 terminal branches (Fig. 2) . These cutaneous branches innervate the skin of the midface, with 3-9 endings that branch medially. The largest branch is the superior labial branch, which tends to be the more inferior of the medial branches. The second largest branch is the external nasal branch, which supplies the skin of the lower nose. Additional branches include the internal nasal branch, which supplies the nasal septum, and the inferior palpebral nerve, which innervates the skin and conjunctiva of the lower eyelid. The remaining branches of the ION supply different areas of the skin of the midface from the nose medially to the anterior onethird of the zygoma. From below the orbit to the upper lip are branches that arise directly from the ION or from the main 4 terminal branches. In our specimens, the infraorbital artery (IOA) exited the infraorbital foramen along with the ION within the same sheath in 7 (88%) of 8 specimen sides, while in 1 side (12%) the IOA emerged separately from the nerve. In 2 sides, the relationship of the IOA and ION was indeterminate. The IOA then emerges between the internal nasal branch and the inferior palpebral branch to become more superficial to the terminal ION, and it terminates with feeding branches that supply the 4 main branches of the ION.
From an endoscopic perspective, locations of the terminal branches are most relevant during a sublabial direct antrostomy. With the direct transmaxillary approach, a periosteal elevator is used to create a plane just under these branches to avoid injury to the nerves. 12 These cutaneous branches are not encountered in an endonasal transmaxillary approach unless it is necessary to perform wider bony removal of the anterior medial maxillary wall and the medial anterior maxillary wall, such as in an endoscopic Denker's approach.
segment ii: orbitomaxillary segment
The orbitomaxillary segment of the maxillary nerve represents the ION within the superior maxillary wall/ orbital floor (Fig. 3) . The second segment of the ION/V2 complex was easily identified in the roof of the maxillary sinus in all 10 sides, which is consistent with our intraoperative impression. In most surgical cases, this point is where the ION is first identified. It begins in the infraorbital groove at the level of the posterior maxillary wall and travels to the distal end of the infraorbital canal. Identifi- cation of the ION can be aided by removing the maxillary sinus mucosa, but this is often unnecessary. The IOA is the lateral terminal branch of the internal maxillary artery, which then curves medially toward the ION to stay lateral to the nerve. Just before accompanying the ION along the infraorbital groove, the artery loops from underneath the nerve to become medial to the nerve. The IOA is located medially to the ION throughout the entire segment.
From the orbitomaxillary segment, 2 main alveolar branches, the middle superior and the anterior superior, are produced. These branches curve and descend on the maxillary tuberosity and supply the incisors, canines, molar teeth, and parts of the gum and mucosa. In all of our specimens, the anterior superior alveolar branch emerged within the infraorbital canal, while the middle superior alveolar branches of the ION emerged in the infraorbital groove in 50% (n = 5) of the specimen sides and in the pterygopalatine fossa in 50% (n = 5) of the sides.
During the ETMA, the ION can assist with anatomical orientation (Figs. 4 and 5) . With the use of a 0° endoscope, the ION can be fixed at the 1 o'clock position in the endoscopic view, thus enabling a complete view of the posterior maxillary wall, the greater sphenopalatine nerve, and the sphenopalatine artery.
segment iii: pterygopalatine segment
The pterygopalatine segment of the maxillary nerve represents the termination of the V2 and the ION within the pterygopalatine fossa (Fig. 6 ). It extends from the foramen rotundum proximally to the infraorbital groove distally. The maxillary nerve exits the foramen rotundum, then produces the pterygopalatine branches in the pterygopalatine ganglion. Beyond that point, it continues as the ION. Branching of the zygomatic nerve occurred within the foramen in 5 specimen sides (50%). Thus, the zygomatic nerve usually emerges from the foramen as a separate nerve from the V2.
Our results were not conclusive as to whether the posterior alveolar branch emerges from the ION or from the terminal V2. In 5 specimen sides (50%), the posterior superior alveolar nerve emerged as 2 separate nerves from the inferior surface of the V2 and/or the ION, and it descended along the posterior maxillary wall to supply the posterior part of the gum and mucosa. In the other 5 (50%) specimen sides, the posterior superior alveolar nerve branched off as a single trunk from the inferior surface of the V2.
From an endoscopic perspective, the ION can be tracked backward through a transmaxillary approach after removal of the posterior maxillary wall to expose the contents of the pterygopalatine fossa (Figs. 5-7) . Branches from the V2 to the pterygopalatine ganglia then join the ION to form the V2. Keeping the ION in the 1 o'clock position in the endoscopic view enables complete visualization of the contents of the pterygopalatine fossa, including the pterygopalatine ganglion, which can be seen directly in the center of the operative field. Segment III of the ION/ V2 complex is a useful surgical landmark for separating the pterygopalatine fossa from the infratemporal fossa. It is also useful as a landmark when used in conjunction with the vidian canal to identify the entire anterior face of the cavernous sinus and to skeletonize the carotid artery. The petrous carotid artery lies inferior and posterior to the foramen rotundum, and the cavernous internal carotid artery (ICA) resides medial to the foramen rotundum (Figs.  8-10 ). With such an exposure, a large window into the cavernous sinus can be created.
segment iv: cavernous segment
The cavernous segment of the maxillary nerve represents that portion of the nerve located within the cavernous sinus bounded anteriorly by the foramen rotundum (Figs. 8-10 ). Segment IV of the ION/V2 complex extends from the beginning of the V2 as it branches from the trigeminal nerve at the edge of Meckel's cave and enters the cavernous sinus within the lateral wall at the level of the posterior bend of the ICA. The V2 divides the lateral wall into the anteromedial triangle, between the V2 and the ophthalmic nerve (V1), and the anterolateral triangle, between the V2 and the mandibular nerve (V3). The V2 then continues to travel anterior, to exit the cavernous sinus through the inferior-anterior recess of the lateral wall and to exit the middle cranial fossa through the foramen rotundum.
The cavernous segment of the ICA is medial to the cavernous V2 segment throughout the cavernous sinus. Superior to the V2 is the ophthalmic nerve and the abducens nerve. Inferiorly, the posterior one-third of the V2 is related to the V3, while the posterior two-thirds is related to the dural floor of the sinus.
From an endoscopic transmaxillary perspective, the V2 can be followed proximally to expose its cavernous segment after drilling the pterygoid process of the sphenoid bone and the middle fossa floor to open the foramen rotundum. After the foramen is opened, the dural covering of the nerve becomes a part of the anterior wall of the cavernous sinus. Kerrison rongeurs are used to expose the anterior wall of the cavernous sinus, which opens to track the V2 within the sinus, thus enabling access to the sinus and its contents (Fig. 10) . For a better angular view, a 30° or a 45° endoscope can be used; this provides an excellent view of the interior of the sinus. Identifying the foramen rotundum as an avenue to the cavernous sinus is useful in cases of cavernous sinus lesions.
illustrative case
Somatostatin therapy and cabergoline had failed in a 67-year-old man who had a recurrent growth hormoneproducing pituitary adenoma (Fig. 11) refractory to multimodal treatment and a history of multiple transsphenoidal resections and maximal radiotherapy. The cavernous sinus portion of the tumor was enlarging despite medical treatment. He had baseline left V2 and V3 facial numbness and ophthalmoplegia. An endonasal transmaxillary transpterygoid approach was presented as an option for palliative debulking of the cavernous sinus tumor to avoid a craniotomy and brain retraction. Another reasonable surgical option was a cranial extradural transcavernous approach. There was no expectation that surgery would yield biochemical remission of the acromegaly. In this case, a complete medial maxillectomy was performed to widely expose the maxillary sinus. The ION was identified in the roof of the maxillary sinus. After the posterior wall of the maxillary sinus was removed, the pterygopalatine fossa contents and fat were identified by following the ION posteriorly. After the internal maxillary artery was sacrificed, the fossa contents were reflected laterally to expose the pterygoid wedge. The foramen rotundum was identified by tracing the ION posteriorly to the skull base. The sphenoid bone encompassing the foramen rotundum was drilled in an extradural fashion to provide a safe corridor superior and lateral to the ICA for entering the cavernous sinus and allowing for tumor resection. Aggressive tumor debulking was achieved with the expected residual tumor near the cavernous ICA.
discussion
Surgically relevant intraoperative anatomical landmarks can be useful because of the complex regional anatomy encountered during ETMAs to the anterior skull base and because of the unfamiliar ventral endoscopic prospective. 2, 20, 21 In the current study, we detailed the surgical anatomy of the ION/V2 complex as a reliable road map to the foramen rotundum, the cavernous sinus, the pterygopalatine fossa, and the anterolateral skull base during ETMAs. Upon entrance to the maxillary sinus, one can see that the ION (orbitomaxillary segment, or Segment II) is immediately visible through the thin superior wall of the maxillary sinus. With the ION/maxillary nerve as a landmark during dissection of the retromaxillary space, one can more easily discern the contents of the pterygopalatine fossa, the V2 and its branches, the internal maxillary artery, the vidian canal, the foramen rotundum, and the ICA. Our findings indicate that the ION is a potentially useful surgical landmark because it is easily identifiable early in the operative approach, it provides a pathway to the lateral cavernous sinus through the foramen rotundum, and it has a reliable relationship with other neurovascular structures of interest in ETMAs. The advantages of this ION classification are its simplicity, its relevance to endoscopic surgical anatomy in transmaxillary approaches, and its usefulness in identifying the skull base and the cavernous sinus.
Lesions within the anterolateral or retromaxillary spaces can be accessed endoscopically via a transmaxil- lary approach. 23, 25, 28 A direct transmaxillary approach via a sublabial incision or a purely endonasal transmaxillary incision enables access to a wide range of anatomical targets within the infratemporal and pterygopalatine fossae. These targets include pathology located laterally from the temporomandibular joint and the zygoma to the cavernous sinus and sella medially, as well as lesions located within the orbital floor. 8, 12 Drilling of the pterygoid plates and the sphenoid bone allows access to deeper intracranial structures along the sphenoid bone and the deeper extracranial infratemporal structures. Stereotactic wand guidance can be an important means of assisting the surgeon in navigating the complex surgical corridor; however, a potential loss of accuracy remains during the course of the dissection. Ultimately, this approach requires the surgeon to develop a surgically relevant understanding of the anatomy within this complex region. In our description of the transmaxillary approach here, we have simplified the complex regional anatomy by dividing the ION/V2 complex into surgically relevant segments (Segments I-IV) for use as a road map to the anterior skull base. We hope that this surgically focused description will become another tool in the armamentarium of future endoscopic skull base surgeons.
Injury to the ICA is an uncommon yet potentially catastrophic complication, with reported occurrence rates of 0.4%-3.8% for traditional endoscopic transsphenoidal approaches. 30 In transsphenoidal approaches, ICA injury most commonly occurs at the cavernous ICA. In extended skull base approaches, the highest risk occurs during drilling of the pterygoid process of the sphenoid bone to enter the foramen rotundum or during dissection along the posterior ethmoidal wall 7 to access the retromaxillary space. Our anatomical dissection studies suggest that the ION can serve as a road map to the ICA, and an understanding of the anatomical relationship of the ION/V2 complex to the ICA can assist in early identification of the ICA to avoid injury to it. Following the nerve as it enters the foramen rotundum to become the V2 keeps the cavernous ICA medial and the petrous ICA inferior and posterior to the foramen rotundum. By hugging the medial aspect of the V2 during dissections, one can infer the location of the ICA. Furthermore, by identifying the foramen rotundum early in the dissection, one can note and remove the bone of the skull base in an extradural fashion. Early in our experience, we were often surprised by how quickly we happened upon the bone of the face of the cavernous sinus and the middle fossa. Others have demonstrated that the vidian nerve is a useful landmark for identifying the anterior genu of the ICA. 26 We have found that using both the vidian canal and the ION/V2 complex as surgical landmarks for the ICA has improved our understanding of the ICA anatomy and has allowed us to make wider openings into the cavernous sinus.
Neurological complications can also occur because of injury to the ION, the pterygopalatine ganglion, and the maxillary and mandibular branches of the trigeminal nerve (V2 and V3), 21 resulting in facial anesthesia or xerophthalmia. Preservation of the perineural sheath during dissection can avoid inadvertent injury to this structure. We propose that early identification of the ION will allow the surgeon to better delineate the anatomy of the pterygopalatine fossa and the infratemporal fossa, and thus to limit these potential complications.
Anatomical dissection studies have evolved from simple descriptive guides to surgically relevant guides. Smith and Laws noted that endoscopic classification schemes for skull base targets are critical for future generations of endoscopic surgeons. 30 Given the surge in popularity of endoscopic skull base surgery, several authors have proposed surgically relevant anatomical classification schemes for various other surgical approaches and anatomical targets. 3, 11, 15, 22, 30 For example, Labib et al.'s classification of the ICA serves as a practical guide for endoscopic surgeons. 22 Similarly, Iaconetta et al. proposed a classification scheme for the trochlear nerve for transorbital approaches. 15 Our hope is that the application of surgical landmarks like the one we developed and those created by others will be used in combination in clinical practice to improve the safety of endoscopic skull base surgery.
conclusions
In this study, we examined the endoscopic anatomy of the ION/V2 complex relevant to transmaxillary approaches to the anterolateral skull base. We performed cadaveric dissections to study the anatomy of the ION and to develop a simple, surgically relevant road map to deep structures. Our findings suggest that the ION is an easily identifiable landmark that can be located early in the surgical exposure and then traced to the pterygopalatine fossa, the petrous and cavernous ICAs, and the cavernous sinus. We propose that the ION can be a useful surgical landmark to apply, along with other techniques, to guide surgeons. 
